A statistical method of predicting hexanucleotide frequencies is presented. The method requires dinucleotide frequencies which can be readily obtained by nearest neighbor analysis. The frequencies of 64 hexanucleotides of E. coli were estimated and compared well with those predicted by a third order Markov chain.
INTRODUCTION
The optimal choice of restriction enzymes to be used with mammalian DNA is critical for construction of subgenomic libraries, pulsed field gel electrophoresis [1] [2] [3] [4] , and other applications. The restriction endonuclease used for these procedures determines the size of the DNA fragments that are produced and thus the success of the procedure. In general the choice of restriction endonuclease has been determined by an empirical approach with the most readily available enzymes tried first until an appropriate enzyme is found. Predictions of the probabilities of restriction endonuclease recognition sites can be used to limit the number of candidate enzymes to those most likely to produce DNA fragments in the size range of interest [5] [6] [7] [8] [9] [10] [11] .
The objective of this paper is to develop procedures of predicting the frequencies of oligonucleotide sequences by using the available and readily obtainable dinucleotide frequencies. These procedures should be useful as a guide in the selection of the most appropriate enzymes for restriction endonuclease mapping of genomic DNA.
The frequencies of 64 hexanucleotides of E. coli DNA were estimated by the method developed in this paper and were compared with those predicted by a third order Markov chain. The new method requires the dinucleotide frequencies (16 data), whereas the third order Markov chain analysis requires a set of tetranucleotide (256 data) and trinucleotide (64 data) frequencies.
BACKGROUND
Most estimates of oligonucleotide frequencies use a random distribution of mononucleotides, especially in computer programs to provide a baseline for comparison [12 -14] . However, nearest neighbor analysis of DNA and analysis of nucleotide sequences indicate that the distribution of nucleotides in most prokaryotic and eukaryotic genomes is not random, at least at the dinucleotide level [15] [16] [17] [18] [19] [20] [21] [22] . Kornberg's classical experiments were the first to measure the nearest neighbor frequencies in the DNA [15] .
In spite of the nonrandomness of oligonucleotide frequencies in the genome, several statistical methods have demonstrated their ability to predict observed frequencies of ohgomers up to six bases in length (hexanucleotide) [20, [23] [24] [25] . For example, expected frequency of the tetranucleotide CTAG, p(CTAG), can be estimated several ways depending on the amount of data available [20] :
Equation (6) is a 1st order Markov chain and Equation (7) is a 2nd order Markov chain. If dinucleotide frequencies are known, the tetranucletide frequency can be calculated from (2) or (5) or (6) . If trinucleotide frequencies are known, the frequency can be calculated from (3) or (4) or (7). Frequency calculations using higher order sequence frequencies, i.e., trinucleotides, are more accurate but they require extensive amounts of sequence data from the DNA in question. The optimal choice should be made by testing several statistical methods (i.e., Equations (1) through (7) for the case of tetranucleotide frequencies) for accuracy in predicting observed frequencies of oligonucleotides. However, the number of methods to be tested increases precipitously as the number of nucleotides of interest increases. Thus, a systematic way of selecting the best method should be developed Several reports have concluded that a Markov chain is an adequate but not perfect predictor of higher order nucleotide sequences such as hexanucleotides. Almagor [23] used the Markov chain analysis to estimate trinucleotide frequencies in human mitochondria! genome (HMG) and the strand of SV40 DNA, and concluded that trinucleotide frequencies in SV40 DNA sequence were dominated by first order correlations while in the HMG sequence some longer range correlations were explicit. Blaisdell [24, 25] has recently examined sixty four eukaryotic DNA sequences as expressions of first, second, or third-order Markov chains. Standard statistical tests found that 61/64 required at least a first order Markov chain (dinucleotide frequencies) for their expression, 37/64 required at least second order (trinucleotide frequencies), and a few required at least third order (tetranucleotide frequencies). Phillips et al [20] have also concluded that a third order Markov chain is a relatively accurate predictor of observed frequencies up to the hexanucleotide level from a data set of tetranucleotide frequencies.
RESULTS AND DISCUSSION
Procedures of predicting the frequencies of oligonucleotide sequences will be developed by using the available and readily obtainable dinucleotide frequencies. In this section results will be described in predicting hexanucleotide frequencies with a data set of dinucleotide frequencies obtained from the nearest neighbor analysis. A statistical method will be developed in a systematic way. The prediction of hexanucleotide frequency distributions will be compared with the observed (experimental) frequency in order to judge whether the statistical method used in this study is compatible with the experimental frequencies.
The nearest neighbor sequence frequencies measured by the technique of Josse et al [ 15] can be arranged in a matrix as shown below;
where p^ is the conditional probability of the nucleotide j to be followed right next to the nucleotide i along the DNA chain. The dinucleotide frequencies in 74,444 bp off. coli DNA [20] will be used as an example. Later the hexanucleotide frequencies which are predicted by the method developed in this paper will be compared with the observed frequencies. The matrix P is obtained from the nearest neighbor analysis as [20] 
Any matrix that satisfies these conditions is known as a stochastic matrix. The 's-penod transition matrix' can be obtained by multiplying P with itself s times. P = ( S|J ) (12) where s,j is the probability that the first nucleotide is i and the (s+ l)th nucleotide is j regardless of the intervening nucleotides. For large s, the (s+ l)th nucleotide depends only slightly on the 1st nucleotide and thus, the rows of F are almost equal and the transition matrix approaches the matrix V =
where v y is the mononucleotide frequency of j, fj for all i, in the DNA chain. The vector f=(f T ,fc7fA»fc) > s a solution of the equation; fP=f (14) 20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56   57   58  59  60  61  62  63  64   Nuclcotides   CAGCTG  ACCGGT  GCGCGC  AACGTT  CGCGCG  GTTAAC  TGCGCA  TTCGAA  GATATC  TTTAAA  TGATCA  ATCGAT  ACGCGT  CGATCG  AATATT  CTGCAG  AAATTT  GAATTC  ATTAAT  GTCGAC  TCGCGA  TACGTA  TCATGA  CGTACG  TGGCCA  CCATGG  CCGCGG  AGATCT  GACGTC  AAGCTT  CAATTG  AGCGCT  TTATAA  TTGCAA  ACATGT  GTGCAC  TCCGGA  CCCGGG  TAATTA  TAGCTA  CTTAAG  CATATG  ATATAT  AGGCCT  GCATGC  GGTACC  GTATAC  CGGCCG  TATATA  GGCGCC  GGATCC  AGTACT  GCCGGC  CACGTG  ATGCAT  GAGCTC  GGGCCC  TCTAGA  TGTACA  CTCGAG  CTATAG  ACTAGT  GCTAGC  CCTAGG Observed (%) It will be shown that the afore-mentioned properties of the 'speriod transition matrix' can be effectively used in developing a statistical method compatible to observed hexanucleotide
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frequencies from a data set of dinucleotide frequencies. With the dinucleotide frequency matrix for E. coli DNA (equation (9)) the mononucleotide frequencies can be determined from Equation (14) as f=(f T ,fc.fA.fc) = (0.2368, 0.2464, 0.2475, 0.2691) which is the same as that experimentally observed. It can be shown that for s = 3, the matrix P 3 is almost equal to the matrix V of which all rows are (0.2368, 0.2464, 0.2475, 0.2691). In other words, the fourth nucleotide is almost independent of the first nucleotide. The matrix P 3 is shown below.
The above analysis implies that the frequency of hexanucleotide sequence, ijklmn, can be determined as Hexanucleotides Figure 1 . Chi squares for 64 nucleotides The hexanucleotides are ranked by observed frequencies The correspondence between nucleotide number and its hexanucleoude sequence is listed in Table 1 The chi square is defined as (Observed Frequency -Expected Frcquency) 2 /Expected Frequency The expected frequencies of 64 nucleotides are listed in Table I The expected frequencies are determined by the method developed in this paper and by a third order Markov chain are restriction enzyme sites, were estimated from Equation (16), and were compared with the observed frequencies. The results were also compared with those predicted by application of a 3rd order Markov chain [20] . It has been reported that hexanucleotide frequencies are not well-predicted by first and second order Markov chains [20] . The frequency of the hexanucleotide sequence, ijklmn, from a 3rd order Markov chain [20] , is fy yklmn (17) As can be seen, the third order Markov chain analysis requires a data set of tetranucleotide (256 data) and tnnucleotide (64 data) frequencies, while the new statistical method developed in this paper, Equation (16), requires available or readily obtainable dinucleotide (16 data) frequencies from nearest neighbor analysis. It is obvious that experimental determination of tetranucleotide and tnnucleotide frequencies is an enormous and consuming task
Comparison of the expected hexanucleotide frequencies and the observed frequencies is summarized in Table 1 . In this table the 64 hexanucleotides are ranked by observed frequencies. The expected hexanucleotide frequencies from the new method (i.e., equation (16)) and the third order Markov chain ( [20] , equation (17) ) are listed in columns 3 and 4, respectively. As a measure of good-fit of the expected frequencies to the observed frequencies, the x 2 test is used. The x 2 test is one of the best known statistics to ascertain whether or not observed data are represented by a given distribution [26] . The x 2 is computed as;
where O, and E, are the observed and expected frequencies of hexanucleotide i, respectively. The values of (O, -E^/E, for the 64 hexanucleotides are plotted in Figure 1 . As can be seen, the predicted frequencies by the method of this work (with equation (16)) are almost as good as those by the 3rd order Markov chain analysis. The j^s of the 64 nucleotides using the present method and the third order Markov chain are 0.4634 and 0.3567, respectively. However, the x 2 s of the 62 nucleotides excluding the first two hexanucleotides (i.e., CAGCTG and ACCGGT) are 0.3514 and 0.3540 from the present method and the third order Markov chain, respectively. In other words, the present method solely based upon dinucleotide frequencies can predict the frequencies of the 62 hexanucleotides as satisfactorily as those by the third order Markov chain requiring tetranucleotide and trinucleotide frequencies as raw data.
The 48 hexanucleotides among the 64 hexanucleotides listed in Table 1 are palindromic sites of restriction enzymes. To Table 2 . List of die ten endonucleases, and the cleavage site frequency for S cerevisiae, human spleen, hamster kidney, E. coh, and B subnlis The ten enzymes were chosen among 48 enzymes whose palindrorruc sites are listed in demonstrate a practical use of the method developed in this paper, the frequencies of restriction sites for E. coli, Bacillus subtilis, Saccharomyces cerevisiae, human spleen and hamster kidney were calculated and are listed in Table 2. Table 2 lists the ten enzymes that cut the respective DNAs most infrequently. The procedure of determining the frequency of palindromic site will be described for S. cerevisiae as an example. The dinucleotide frequencies for S. cerevisiae were determined by the nearest neighbor analysis [27] as: AA, 9.7%; AC, 5.0%; AG, 5.7%; AT, 10.0%; CA, 5.7%; CC, 3.8%; CG, 3.0%; CT, 5.7%; GA, 5.9%; GC, 3.8%, GG, 4.4%; GT, 5.4%; TA, 8.3%; TC, 5.8%; TG, 6.6%; TT, 11.1%. From this the mononucleotide frequency is obtained as f=(f T ,fc,fA,f G ) = (0.318, 0.182, 0.304, 0.195). The frequency of T (i.e., 0.318) was determined from (8.3+5.8+6.6+1 l.l)/100 and the rest were determined by the same method. Also the matrix P can be obtained as; (19) The conditional probability of p AT of the matrix P was determined from 10.0/(10.0+5.0+9.7+5.7)=0.3289 and the rest of the elements in the matrix P were determined in the same way. The frequencies of the 48 palindromic sites were calculated with Equation (16). The ten restriction enzymes which cut the DNA of S. cerevisiae most infrequently are listed in Table 2 . The frequencies of the ten sites for other DNAs were determined by following the same procedure. The dinucleotide frequencies reported elsewhere [27] were used for this study.
In conclusion, the use of the dinucleotide frequencies with the statistical method developed in this paper is applicable in predicting hexanucleotide frequencies of genorruc DNA for which the dinucleotide frequencies are known or can be determined readily by the nearest neighbor analysis. This method can be effectively used as guide in the selection of appropnate enzymes for restriction endonuclease mapping of genomic DNA. 
